An interest in the field of algicides for swimming pools has led to a survey of the problems involved in this field. A study of the bactericidal and algicidal properties of some of the chemicals used has been reported (Fitzgerald, 1959) in which it was pointed out that some of the products available show remarkable properties in laboratory tests.
An interest in the field of algicides for swimming pools has led to a survey of the problems involved in this field. A study of the bactericidal and algicidal properties of some of the chemicals used has been reported (Fitzgerald, 1959) in which it was pointed out that some of the products available show remarkable properties in laboratory tests.
The present studies demonstrate how the activity of some chemicals used in swimming pools for algicidal purposes can be affected by the physical and chemical conditions in the swimming pool environment and management. The factors that have been considered are the adsorptive properties of diatomaceous filter media and the precipitation of copper compounds under different conditions in the water.
From an understanding of the problems involved in the maintenance of algicidal conditions in swimming pools, it is hoped that the need for the proper application of the excellent algicides available will be appreciated.
MATERIALS AND METHODS
I. Adsorption Studies A. Procedure. The adsorbent used to test the effect of a filter medium on the algicidal properties of various chemicals was an analytical diatomaceous filter aid, Celite.2
The chemicals tested are listed in table 1, together with the concentration of active ingredient and source of chemical. Each chemical was tested on an "as received" basis without regard to the concentration of active ingredient present. To compare one chemical with another, however, the active ingredient concentration must be taken into consideration.
The method used to test the effect of the Celite upon the algicidal properties was as follows:
1. A stock solution of the chemical to be tested was prepared by dissolving or suspending 25 mg of the chemical in 1000 ml distilled water. Therefore 1.0 ml of the stock solution in 25 ml of Chlorella culture medium corresponds to a final concentration of the chemical of 1.0 mg per L.
2. To a 25-ml portion of the stock solution of the chemical, 1.0 g of Celite was added and the suspension mixed.
3. A 1-hr reaction time was allowed at room temperature (23 i 2 C) with frequent mixing. 4. The mixture was then transferred to centrifuge tubes and centrifuged until the supernatant solution was clear (usually 10 min).
5. The toxicity of the untreated stock solution and of the supernatant liquid from the Celite treatment was compared by adding different volumes of either solution to Chlorella cultures and determining the volume required to kill the culture.
The alga used for these toxicity tests was Chlorella (Wisconsin strain, formerly referred to as C. pyrenoidosa). Chlorella was cultured in Allen's (1952) medium (containing, per L: NH4Cl, 50 mg; NaNO3, 1000 mg; K2HP04, 250 mg; FeCl3, 3 mg; MgSO4-7H20, 513 mg; and CaCl2, 50 mg) which supports a rapid rate of growth (cell counts increasing from 300,000 per ml to about 3,000,000 per ml in 48 hr) and a pH of 7.4. Twenty-five ml of sterile medium in 50-ml Erlenmeyer flasks were inoculated with Chlorella to give a final cell count of 300,000 cells per ml. Increasing amounts of the solution to be tested were added to these cultures, and the minimal volume required to kill the culture over 5 to 15 days of treatment is reported. By using a fast growing organism such as Chlorella for these tests, the toxic concentrations of the chemicals could be detected within 48 to 72 hr, and repeat experiments set up before the final observations of the first tests were made. All toxicity tests reported were run at least twice, and the results in all cases were similar. B. Results. Examples of quaternary ammonium compounds, amines, quinones, and a pyrimidine were tested with Celite, and the results of comparing the toxicity of untreated and Celite treated solutions of the chemicals are presented in table 2. In many instances, the volume of chemical solution treated with Celite required to kill the Chlorella culture exceeded the volume tested. This fact is noted by using the symbol > to denote that more than the reported volume was required, the exact amount being undetermined. However, the important fact is that there was considerably more Celite treated solution required than untreated stock solution.
The data indicate that the treatment of distilled water solutions of all the quaternary ammonium 269 compounds, amines, and the pyrimidine with Celite resulted in a decrease in the algicidal properties of these solutions. These losses are assumed to be due to adsorption of the chemicals on the Celite.
In initial tests with Dichlone® (2,3-dichloro-1,4-naphthoquinone), a quinone compound, losses in toxicity were recorded after treatment of the Dichlone suspensions with Celite. However, previous tests with this chemical (Fitzgerald et al., 1952) had not indicated its algicidal properties to be affected by various filter media. Since the solubility of Dichlone is only 0.1 mg per L, and a concentration of 1.5 mg per L was required for toxicity to Chlorella in these tests, it was felt that the decrease in toxicity brought about by the addition of Celite and centrifugation of the mixture was due to the loss of undissolved Dichlone from the original suspension. To check if a quinone would be adsorbed from a true solution by Celite, a solution of 2-methyl naphthoquinone was tested. The data in table 2 indicate that there was no loss in toxicity by the Celite treatment of solutions of this quinone.
Further tests on the loss of algicidal properties of solutions of chemicals by treatment with Celite were carried out using the quaternary ammonium compound, cetyltrimethylammonium bromide (cetyl). This chemical is readily obtained and has been found to be toxic to Chlorella at concentrations of 1.0 to 1.5 mg per L. In these tests, different amounts of Celite were added to 25-ml portions of a stock solution of the chemical It is evident from the data of this experiment that 0.1-and 0.25-g quantities of Celite in 25 ml of the cetyl solution had no effeet on the algicidal properties of these solutions. However, 0.5 g of Celite per 25 ml decreased the toxicity of the solution by one-third, and 0.75 and 1.0 g of Celite caused at least one-half of the toxicity to be lost as compared to the untreated stock cetyl solution.
Similar tests carried out using activated carbon at concentrations of 0.05, 0.1, 0.25, 0.5, 0.75, and 1.0 g per 25 ml of the stock cetyl solution indicated that volumes of more than 3.0 ml of any of the treated solutions were required for toxicity, whereas 1.5 ml of the untreated solution were toxic. Thus, the adsorptive properties of activated carbon for cetyltrimethylammonium bromide appear to be greater on a weight basis than the grade of diatomaceous filter aid tested.
To check whether the cetyl adsorbed from solution by the Celite (1.0 g per 25 ml) could be readily eluted from this filter medium, tests were carried out with Celite centrifuged from a stock solution of cetyl (1.0 ml per 25 ml of Chlorella culture corresponding to 1.0 mg per L). The 1.0 g of Celite was resuspended in 25 ml of either distilled water or Madison tap water (very hard water) for 20 min and then the suspensions centrifuged. Toxicity tests with the distilled water wash of the Celite indicated no toxicity to Chlorella cultures with volumes as high as 3.0 ml. However, the tap water wash of the Celite was shown to exhibit toxicity, 3 ml causing a 75 per cent kill of the Chlorella culture.
In another experiment, 1.0 g of Celite, which had been centrifuged from 25 ml of the cetyl stock solution after 1 hr treatment time, was resuspended in 25 ml of distilled water and volumes of 0.5 to 3.0 ml of this suspension were added to Chlorella cultures. It was found that 3.0 ml of this suspension killed the Chlorella culture. Thus, it has been shown that the cetyl removed from solution by Celite could be made available to algae by washing the Celite with a hard water or suspending it in Allen's medium.
II. P'recipitation of Copper Studies
A. Procedure. The amount of copper removed from solution by filtration of various sources of copper ill different waters has beeni studied. The amounit of copper in the solutions was analyzed using the "Cuprethol" method (APHA, 1955) . The filters used in these tests were glass fiber pads3 in Gooch crucibles. Results using these filters have been shown to be similar to results using Whatman no. 42 filter paper orI Celite diatomaceous filter aid.
Initial tests carried out on Madison tap water anid distilled water indicated that the solubility of copper was affected by the water involved. Therefore, toobtain results that could be reproduced in any laboratory, four known media were used in these tests. Two of these media, Allen's (1952) and Gorham's (Hughes et a7., 1958) , are algal culture media. The other two media are BOD dilution water (APHA, 1955) and distilled water. These four media provide different alkalinities (108, 52, 12, and less than 1 for Allen's, Gorham's, BOD dilution water, and distilled water, respectively), as well as different degrees of hardness.: very hard (253 ppm as CaCO3, Allen's), medium hard (54 ppm, Gorham's, minus Fe source), soft (33 ppm, BOD dilution water), and very soft (less than 1, distilled water).
The method used to determinie the amount of copper that was removed from solution in different waters by filtration was as follows:
1. Stock solutions of the different copper sources were made up with each of the four media (25 mg of copper compound per 100 ml of medium).
2. The pH of 50 ml portions of the stock solutions was adjusted to pH 4.0 ± 0.1 or pH 7.0 + 0.1, using HCl or NaOH.
3. Each 50-ml portioni of the copper solutions was then filtered through a clean glass filter pad.
4. Analyses of the amount of copper in 10 ml por'-tions of the above filtrates were compared with analyses of 10 ml portions of unfiltered stock solutions and a standard copper solution (APHA, 1959) . The adsorptioni of (uaternary ammoniium compoun,ds from solution by a filter medium may be influenced by the water in which the tests are carried out. In the present studies the chemicals tested were dissolved in distilled water. Chambers et al. (1955) and Cousins and Clegg (195(i) have pointed out that the hardness of waters may influence the bactericidal activities of quaternary ammonium compounds. Thus, there might be added factors in adsorption tests of the future so that the quality of the waterv will be studied in relation to both the adsorptive properties of an adsorbent as well as the effectiveness of the disinfectant.
The fact that a chemical is removed from swimming pool waters by adsorption or filtration of an insoluble product does not necessarily indicate that it would not still be active as a bactericide or algicide since the pool waters must still pass in close contact with the chemical. It was demonstrated that cetyltrimethylammonium bromide could be eluted from the diatomaceous filter aid in sufficient quantities to be toxic to Chlorella.
LOSS OF ALGICIDES IN POOLS
However, it must be pointed out that the bacteria and algae in the pool itself are the organisms that are important to control. It is not sufficient to assume that the adsorbed or filtered chemical will kill the bacteria and algae as they come in close contact on the filter. The purpose of the bactericides and algicides is to kill and prevent the growth of organisms in the immediate presence of the swimmers and not to kill the organisms caught on or passing though a filter. Thus, the practical effectiveness of any chemical that is removed by a filter is reduced even though the chemical is still present in at least a portion of the pool system.
The problem of maintaining in swimming pool waters algicidal concentrations of a chemical that is only slightly soluble, such as Dichlone or precipitated copper compounds, is similar to the problem of an algicide that is adsorbed on a filter. In either case the pool filter may lower the content of the chemical below the concentration required for sterilization purposes. The solubility of Dichlone is only 0.1 mg per L and concentrations in excess of 10 times this amount are required for the control of the type of algae common to swimming pools. Therefore, this compound presents problems that cannot be solved as in the case of copper where the element can be applied in a chelated form.
Studies have been made on the effect of water hardness upon the solubility of copper by a number of workers. Ellms (1905) was probably the first to show that, in hard water, copper was removed from solution as a colloid and later separated completely as a precipitate. He found 40 to 50 per cent of the copper added to hard water could be removed by filtration within 10 to 15 min; 75 to 95 per cent was removed after 3 hr elapsed; and after 24 hr, no copper was detected in the filtrate. Huckins, more recently (1951 Huckins, more recently ( -1954 , tested waters of different hardness and the effects upon copper precipitation. Monie (1944) developed a method of testing the amount of copper to be most effective as an algicide to be added to water which was related to the alkalinity of the water. Bartsch (1954) and Mackenthun (1958) suggested that the basis for calculation of the amounts of copper sulfate for algae control in lakes shift from 0.9 lb per acre-foot for waters with methyl orange alkalinities below 50 ppm to 5.4 lb of copper sulfate per acre when dealing with more alkaline waters.
Studies of the effect of chelation of chemicals in order to prevent their precipitation, or to make them more available, have been made by Waris (1953) . As early as 1905 , Ellms (1905 reported that a mixture of leaf infusion and copper sulfate prevented a good proportion of the copper from precipitating. Copper solutions prepared in the form of Fehling's solution and in the glycerine-potassium hydroxide silk reagent, as well as aliphatic hydroxy acid solutions, were studied by Gelfand (1946) . McIntyre (1949) suggested a mixture of copper sulfate and ammonium hydroxide for the control of algae in swimming pools. Both Eidsness (1953) and Swartz (1953) agree that copper sulfate is less effective as an algicide in hard waters than copper citrate or copper acetate. Fogg and Westlake (1955) found that the extracellular polypeptides of algae could bind copper and reduce the toxicity of added copper, thus throwing a light on some of the reports of algae developing resistance to copper.
The tests reported here have demonstrated how waters of different qualities will affect the solubility of inorganic copper (from copper sulfate). It was shown that if the pH of the water is low enough (pH 4), the alkalinity or hardness of the water had no effect on the solubility of the copper. However, at pH 7, the alkalinity or hardness of the water exerts a considerable effect on copper solubility. It has been pointed out that the chelated forms of copper tested, Omazene, Algeeclear, and Cuprose, varied in their ability to maintain copper in solution as the quality of the waters differed.
The relationship between the algicidal properties and chelation of copper has not been dealt with here, but would certainly be a stimulating field for further research.
In conclusion, it must be emphasized that the purpose of these tests has been to demonstrate the facts that certain types of algicidal chemicals can be removed from solution by adsorption on culture medium favouring the rapid growth of microbes is nieeded for this purpose; however, nonie of the current media is able to fulfil all these requirements.
A great contributionl in the field of bacteriological control was the work of Brewer (1940) who carried out the cultivation of anaerobes in a manner similar to that of aerobes. Although the original prescription of Brewer did not exhaust all possibilities of this medium as was shown in the course of time, the most important media for bacteriological control are based on his method.
A further advance was made by Linden (1941) who increased the amount of peptone and introduced the use of yeast extract instead of meat broth (the so-called Brewer-Linden medium). Most important, however, was the report of Pittman (1946) who stated that
